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Abstract 
 
 
Graphite epoxy composites are being used in aerospace industry and spacecraft 
applications for their light weight and high strength. As a matter of fact these materials 
also have some disadvantages like damage which is hazardous when used in cryogenic 
application. Composite materials IM7/977-2, IM7/5555 and IM7/5276-1 are of interest 
for the aerospace industry and this research concentrates on study of microcracking, 
delamination and other defects in the [0/90]s composite laminates of the above materials. 
These materials were uni-axially tested to pre-determined stress levels and the damages 
in the material were recorded in the form of microcrack density at different stress levels. 
In this research work the use of X-Ray Microtomography has proven to be an excellent 
tool to characterize the crack connectivity and damage information three dimensionally. 
Dye penetrant technique was also used in this work to enhance the visibility of the cracks.   
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1. Introduction 
 
1.1 Background and Motivation 
In today’s fast paced technology and communications era where we look forward to 
explore many hidden and unexplored territories in the outer space, one main problem is a 
need for cheaper access to space. To overcome this problem National Aeronautics and 
Space Administration (NASA) has put forward an initiative to use Reusable Launch 
Vehicles (RLV) in which the total payload of the vehicle is reduced by fabricating it 
mostly by using composite materials. Composite materials offer an advantage over the 
traditional metals used in aircraft manufacturing, as they are light in weight and hence 
contribute to reduction in the overall payload.  
 
The word composite refers to the combination of two or more materials to obtain a 
unique combination of properties in the resulting material. These have high strength and 
stiffness to weight ratio and hence are used widely in aerospace and other critical 
applications. Composites exclude metal alloys, plastic co-polymers, minerals and wood.  
 
Liquid hydrogen ( 2LH ) tanks are the largest structural components of RLV’s. The design 
of lightweight fuel tanks is therefore important for reducing the cost of space access.  
Polymer Matrix Composite (PMC) hydrogen tanks have been proposed by Dixon [Ref 1] 
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to reduce the weight of reusable launch vehicles. The fuel tanks of these vehicles would 
be manufactured mainly out of carbon/epoxy to reduce the weight. A study estimated that 
replacing a conventional fuel tank structure with an all composite one would reduce its 
weight by 40% and the overall weight of the vehicle by 14% [Ref 2]. The purpose of 
these tanks is to hold liquid hydrogen at cryogenic temperatures around -423°F. 
Hydrogen is difficult to store because of its small molecular size and this makes it more 
prone to leakage. Many factors contribute to the leakage of the gases through the tank, 
like porosity, manufacturing flaws, and internal damage. Mostly in PMC materials 
leakage is believed to be because of microcracks which form leakage paths that allow the 
gases and liquid to pass through the material. It was also noted that the microcracks 
mostly occur in polymer matrix materials at -473°F ( 2LH ) temperature because of large 
thermal residual stresses, large mechanical stresses and low transverse matrix strength 
[Ref 3]. Generally when the reusable launch vehicle is re-entering the atmosphere at high 
speeds of around mach 15 with empty fuel tanks, these fuel tanks quickly reach around 
260°F and this large variation in temperatures may result in crack initiation through the 
tanks. Since composites are composed of different ply layers oriented in different 
directions, a change in temperature will cause the layers to expand in different directions 
depending on the thermal expansion coefficients of both the fibers and the matrix 
material. This develops a high amount of strain energy that can be relieved with the 
formation of cracks. If there exists any kind of inter-connectivity between the cracks in 
adjacent layers they tend to form a path for the fuel to leak and make the composite 
structure permeable.  
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1.2 Project Objectives 
Damage in polymer matrix composites occur at much lower loads than the failure load, 
hence when used in the fuel tank applications the damage in the composite can cause a 
path for leakage of the fuel that can be catastrophic. Hence there is a need to assess 
damage in composite materials prior to failure in terms of matrix microcracking, 
delamination and damage connectivity. This information would give a better picture to 
understand the induced damage at a particular loading which could cause a leakage 
condition.  
 
The objective of the present thesis is to study the microcracking behavior in composite 
materials IM7/977-2, IM7/5555, and IM7/5276-1 under uniaxial tensile loading. The 
study includes the crack density determination and the types of damages the composite 
material incurs at different stress levels for different samples. In this study the use of X-
ray tomography and optical microscopy have provided useful information regarding the 
type of damage in the composite laminate, particularly, microcracking which can cause 
permeability in the cryogenic fuel tank. The main advantage of using the X-ray 
tomography technique is that it gives three-dimensional information about the damage in 
the composite non-destructively.  
 
The experimental work consists of five parts: 1) preparation of the samples, 2) tensile 
loading of the samples to different stress levels, 3) dye penetration into the sample to 
make the cracks and damage show prominently, 4) investigation for edge cracks in the 
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samples using optical microscopy and 5) investigation of microcracks and crack 
connectivity using radiographs from the X-ray microtomography. 
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1.3 Thesis Outline 
This thesis is divided into 6 chapters 
• Chapter 1 includes an introduction to the composites and their application, the 
motivation and background, project objectives and thesis outline. 
• Chapter 2 includes a literature review related to composites, the damage they 
incur during the manufacturing and in service, and the Non-destructive techniques 
(NDT) methods used to detect these damages. 
• Chapter 3 includes a detailed description of the X-ray tomography method which 
was used to observe the damage in the composite material. 
• Chapter 4 includes the step by step explanation of the experimental procedure 
followed. 
• Chapter 5 includes the results and discussion after the experimental work and 
• Chapter 6 includes the conclusions drawn from the experimental results. 
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2. Literature Review 
 
The purpose of this literature review is to provide background information on the issues 
to be considered in this thesis and to emphasize the relevance of this present study. The 
topics covered in this chapter are 1) composites and their constituents 2) damage incurred 
in composites during the manufacturing processes or during service 3) matrix 
microcracking and delamination 4) and X-ray tomography.  
 
2.1 Composites and their constituents 
Composites, as described earlier, are made up of two or more different materials to form 
a completely different material with unique properties. These mainly consist of a matrix 
material and a reinforcing material. Reinforcements can be fibers, fabrics, particulates or 
whiskers and the matrix materials can be metals, plastics or ceramics. Reinforcing 
materials provide strength and stiffness to the composite, whereas the matrix material 
binds the reinforcements tightly together to provide rigidity, shape and environmental 
resistance. A fiber-reinforced composite is made up of different unidirectional plies to 
provide required stiffness and strength in the specified direction. Each ply is called a 
lamina and when a number of these plies are stacked up in different orientations (a 
process called lamination) it is called a laminate. This is shown in the Fig 2.1. 
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Figure 2.1 Components of a composite material 
  
Generally in composites the reinforcements carry 70 to 90% of the load, and provide 
stiffness, strength, thermal resistance and other properties. The matrix material transfers 
the load to the reinforcements, provides protection to the reinforcements against chemical 
and mechanical damage and gives the final desired shape to the composite. Generally 
reinforcement fibers are subjected to damage during handling and processing due to 
rupture against each other and the equipment. Hence the fibers are covered with a 
protective substance called as sizing. Sizing acts as a lubricant and helps a bundle of 
fibers to stick together and also helps in bonding with the matrix material. Generally 
sizing is preferred for glass fibers rather than carbon fibers. 
 
2.1.1 Fiber materials 
Glass fibers: These fibers have typical properties of hardness, corrosion resistance and 
inertness. Based on these properties glass fibers are classified into different groups. 
E-glass fibers – E for Electrical, used for electrical and chemical resistant applications. 
S-glass fibers – S for Strength, used for high strength applications. 
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C-glass fibers – C for Corrosion, used for corrosion resistance applications. 
D-glass fibers – D for Dielectric, used for electrical applications as core reinforcement. 
A-glass fibers - A for Alkaline, used for alkaline resistance applications. 
 
Carbon/Graphite fibers: These fibers are light in weight and have excellent strength 
properties. The properties of these fibers depend on the raw materials used to 
manufacture them, like either Polyacrylonitrile (PAN) or Pitch. Pitch fibers have low 
strength than PAN. Some of these fibers are 
AS & HS – High stiffness fibers 
IM – Intermediate modulus fibers 
HM – High modulus fibers 
UHM – Ultra high modulus fibers 
P100/400 – Pitch based fibers 
 
Organic fibers and other fibers: Popularly know organic fibers are aramid fibers under the 
trade name Kevlar, Technora, Twaron. These fibers absorb moisture, creep and are 
sensitive to UV rays. Other known fibers are boron fibers, silicon carbide fibers and 
ceramic fibers. 
 
2.1.2 Matrix materials 
Thermoset matrices: Thermosets are formed by an irreversible chemical reaction called 
curing, in which they form 3D molecular cross-links in the form of chains which prohibit 
them from reforming and remolding once cured. These thermosets shrink once they are 
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cured and hence induce internal stresses, cracking, fiber misalignment and dimensional 
inaccuracy to the composite. These thermoset materials are prone to corrosion and are 
recommended for refrigerated storage. These are easy to process as they have low 
viscosity.  
 
Thermoplastic matrices: Thermoplastics are softened from solid state to be processed and 
they have high viscosity and need high temperatures for softening which makes them 
difficult for processing. These do not undergo any curing process and hence these can be 
repaired by reforming and remolding. Thermoplastics are not affected by corrosion and 
hence they have unlimited shelf life. 
 
The main concern of this thesis is on carbon–epoxy composites and their damage during 
tensile testing. Here carbon fibers act as the reinforcing material and epoxy as the matrix 
material. Carbon fibers have excellent chemical resistance and high strength along the 
axial direction. Carbon–epoxy composites can be manufactured using any of the available 
processes in the market like hand lay-up, vacuum bagging, autoclave processing, 
compression molding, resin transfer molding (RTM), and pultrusion.  
 
The samples which are used in this research were cut from panels of carbon-epoxy 
composite manufactured by hand lay-up and vacuum bagging at the Lockheed Martin 
Michoud facility. Different types of damage occur in composites which might be due to 
the manufacturing process or due to the load application in service. 
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2.2 Types of Damages in Composites 
It is well known that the defects and damages in laminated composites reduce the 
strength, stiffness and also the safe working life of the composite structures. Defects may 
be introduced during manufacture, accidentally in-service or perhaps unavoidably in 
design because of the requirement to introduce discontinuities such as cutouts, ply drops 
or structural connections [Ref 4, 5].  
 
The defects commonly introduced to composite materials during manufacturing and 
processing are inclusions, de-bonding, fiber misalignment, voids and residual stresses. 
Inclusions – Accidentally included materials during manufacturing like peel paper 
can have degrading effect on the mechanical properties. 
De-bonds –The failure of the interface between the fibers and the matrix material 
which leads to separation between them, called De-bonding. De-bonding can occur 
because of poor consolidation or as a result of an inclusion. 
Fiber misalignment – This is damage especially prevalent in low fiber volume 
fraction materials. 
Voids – Voids are due to inclusion of air, solvents or other contamination during 
mixing of resin.   
Residual stresses – These stresses are mainly caused by the curing process. These 
affect the mechanical properties and can cause warping, fiber buckling, micro-
cracking of the matrix and delamination.  The cause of these stresses is mainly the 
difference in thermal expansion of the fiber and matrix material in different 
directions. 
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The defects commonly introduced in composite materials during the service like loading 
are matrix cracking, fiber breakage, fiber pull-out, delamination, and fiber-matrix 
debonding. Figure 2.2 shows a composite panel, with 0deg plies on the outside and the 
90deg plies in the inside, uniaxially loaded to a stress of xσ . The damages incurred in the 
composite laminate due to this uniaxial tensile loading are discussed below. 
 
Figure 2.2 Cross-ply laminate subjected to uniaxial loading [Ref 6] 
 
Fiber-matrix debonding: This is the first mode of failure that occurs in the composite 
material uniaxially loaded because of the poor interface bonding between the fibers and 
the matrix. These debondings link together to form large scale damage called Matrix 
cracking. Figure 2.3 shows the matrix crack formed due to fiber-matrix debonding. 
 
Figiure 2.3 Propagation of a matrix cracking due to  
Fiber-matrix debonding [Ref 6] 
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Matrix cracking: As described by R.Joffe [Ref 6], the cracks are initiated from the 
interface failures. Multiple debonding between the fibers and matrix occurs and these 
debonds are connected and transverse cracks or matrix cracks are formed. These 
microcracks are catastrophic because they reduce the load carrying capacity of the 
structure in the direction normal to the cracks and reduce the stiffness in that direction. A 
more detailed explanation about these microcracks is given in Section 2.3. Figure 2.4 
shows matrix cracking of a cross-ply laminate subjected to uniaxial tension. 
 
Figure 2.4 Matrix cracking in a cross-ply laminate [Ref 6] 
 
Delamination: Delamination is a form of failure that occurs on a plane between adjacent 
layers within a laminate. Microcracks introduce multiple stress concentration points at the 
crack tips as the microcracks are restrained by the adjacent layers. These crack tips exist 
at the interface between piles of a laminated composite and thus lead to delamination 
which is a large scale damage. Delamination can increase connectivity of the matrix 
cracks and cause leakage paths to fuel when the structure is used as a pressure. 
 
Fiber breaking: When composites are subjected to tensile loading because of poor 
interfacial bonding microcracks are formed. These microcracks lead to delamination and 
fiber breaking would be the next mode of failure after delamination. Since the adjacent 
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layers with no microcracks tend to bear the entire applied load, their fibers tend to crack 
leading to fiber breakage.  
 
Fiber pull-out: This damage, Fiber pull-out, occurs prior to fiber breakage. The fibers get 
pulled out of the matrix on tensile loading. Figure 2.5 shows both the fiber breakage and 
fiber pull-out. 
 
Figure 2.5 Fiber breakage and fiber pull-out due to poor bonding  
Between fiber and matrix interface [Ref 6] 
 
Fracture: This is the final stage of failure where the material breaks and separates out. 
This fracture might be in the form of complete detachment of the materials or constrained 
ply cracking. 
 
Figure 2.6 shows the various damages observed in composite material when subjected to 
uni-axial stress. The modes of damage shown in Figure 2.6 are based on the information 
collected from different researchers and their publications.  
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Figure 2.6 Modes of damage in a composite material [Ref 7] 
 
2.3 Matrix Microcracking 
As described by Nairn et al. [Ref 8] the first form of damage in composite laminates is 
usually matrix microcracking. Matrix microcracking is one of the most common forms of 
damage encountered in composite materials and is often a precursor to overall failure. 
Microcracking is the cracking of the matrix material due to transverse loading in the 
cross-ply laminates. These microcracks run all the way through the thickness of the ply 
and parallel to the fibers in the ply. These are usually transverse to the main loading 
direction and thus also called transverse cracks. According to R. Joffe [Ref 6], these 
microcracks are initiated from the interface failures, as a result of it multiple debonding 
between the fibers and matrix occurs and these debonds are connected and transverse 
cracks or matrix cracks are formed. Other studies [Ref 9, 10] have observed that 
microcracks in the 90º ply of a [0/90]s cross-ply laminate occur at laminate tensile strains 
as low as 0.2 to 0.3%.  
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Matrix microcracking can develop under tensile loading, fatigue loading, thermal loading 
or impact conditions and hence are more commonly due to in-service effects. 
Microcracks due to thermal loading or thermal residual stresses are formed due of the 
difference in the thermal expansion coefficient between the fibers and the matrix 
material. Generally the matrix material has greater thermal expansion coefficient 
compared to the fibers and hence, when a thermal load is applied to the composite due to 
this difference in thermal expansion coefficient the matrix material tries to expand more 
than the fibers and this leads to debonding of matrix with the fibers at the weakest matrix-
fiber interface region. Further application of this thermal load leads to large scale 
damage, called matrix microcracking.  
 
Microcracking degrades the thermomechanical properties of the laminate like poison’s 
ratio and thermal expansion coefficient and hence often leads to overall failure. The first 
microcrack causes very little degradation in the thermomechancial properties of the 
composite laminate but upon continued loading the laminate tends to crack more forming 
multiple microcracks. This multiple microcracking causes more degradation in the 
thermomechancial properties of the laminate. The growth of multiple microcracking was 
explained by Groves et al [Ref 11]. At low crack density, both the maximum axial stress 
and the maximum principle stress in the 90º plies occur midway between the existing 
microcracks. Thus at low crack density the new cracks try to form midway between the 
existing cracks and develop into periodic array of cracks as shown in Figure 2.7.  
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In most cases growth of microcracking from a practical point of view is instantaneous 
across the thickness of the affected ply (or plies). At high crack density, i.e. higher 
number of cracks per unit length, the microcracking shows a slowing down trend and 
gradually reaches saturation in the damage state which is called “Crack Density 
Saturation” (CDS) in the microcrack density vs. stress plot. At high crack density, 
interactions between the microcracks cause the maximum principle stress to shift near the 
0/90 interface and close to an existing microcrack [Ref 11, 12]. The adjacent layers, 
which will typically have fibres at a different orientation to that in the affected layer, 
usually act as crack stoppers. Hence these layers often restrain any further through 
thickness growth. Figure 2.7 shows the schematic of microcrack development in the 90º 
plies of a typical composite material at different stress levels. 
 
 
Figure 2.7 Schematic of microcrack development in the 90° ply at different stress levels. 
(a) Microcrack development at an applied load σ1. (b) Formation of microcrack in the 
middle of existing cracks at applied load σ2 (σ2>σ1).  
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Many experiments have been done by Garrett and Bailey [Ref 13-15] on glass reinforced 
polyester [0/90]s and glass reinforced epoxy [0/90]s laminates to calculate the strain 
required to initiate microcracking in composite materials. They continuously varied the 
thickness of the 90º plies keeping the thickness of the supporting 0º plies constant. Their 
results indicate that on decreasing the thickness of the 90º plies less than that of the 0º 
plies, the strain to initiate microcracking in the 90º plies increases and a vice versa effect 
is also true in this case, i.e. increasing the thickness of the 90º plies would make the 
cracks to form almost instantaneous as the strain to initiate microcracking decreases. At a 
certain decrease in thickness of the 90º plies the cracks were partially and totally 
suppressed. Similar experiments were conducted on the carbon-epoxy laminates by 
Bailey, Curtis and Parvizi [Ref 16, 17] and found that the strain to initiate microcracking 
increases as the thickness of the 90º plies decreases.  
 
Flaggs and Kural [Ref 18] also tested many carbon-epoxy laminates with different ply 
orientations. They found that the in-situ failure strain is always greater than the transverse 
failure strain. In the experiments conducted above [Ref 16-18], the microcracks in the 
carbon-epoxy laminates always formed instantaneously across the entire cross sectional 
area of the 90º plies. The thinnest of the 90º plies tested was half the thickness of the 0º 
plies and they could see no partial or total suppression of the microcracks [Ref 18].  
 
Experiments conducted on the [90n/0m]s laminates [Ref 19-25] with the 90º plies on the 
outside show that the strain to initiate microcracking in the [90n/0m]s laminates with the 
90º plies on the outside is lower when compared to the [0m/90n]s laminates with 90º plies 
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in the middle. This result can be supported as the surface 90º plies in the [90n/0m]s 
laminates are constrained only on one side by the adjacent 0º plies where as in the 
[0m/90n]s laminates the 90º plies are constrained on both sides. A study [Ref 23-25] on 
[90n/0m]s and [0m/90n]s laminates shows that the microcracks start sooner in [90n/0m]s 
laminates but the [0m/90n]s laminates eventually develop more microcracks at saturation. 
Figure 2.8 shows the schematic of the microcrack behavior in the [0m/90n]s and [90n/0m]s 
laminates. 
 
 
 
Figure 2.8 Schematic of microcrack behavior in  
(a) [90n/0m]s laminate and (b) [0m/90n]s  laminate 
 
Lavoie and Adolfsson [Ref 26] found that when [+θn/-θn/902n]s class of laminates 
subjected to fatigue or monotonic loading shows a high density form of matrix cracking 
called stitch cracking. They also found that this form of stitch cracking is not only due to 
fatigue or monotonic loading but can form even due to thermal residual stresses. Their 
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results indicate that the stitch cracks form in the constraint plies oriented at some angle θ 
upon microcracking in a 90º ply, when the included angle between the constraint ply and 
the 90º ply was less than 50º. When long microcracking was observed in the +θº plies 
then stitch cracks formed in certain -θº plies. 
 
Microcracking also nucleates other forms of damage like delamination, fiber breakage, 
fiber pull-out and fracture. In cryogenic fuel tank applications, such damage causes 
leakage of the fuel and often becomes hazardous. The main concern of this research work 
is to detect the internal damage in composite materials like microcrack, delamination and 
inter connectivity of the microcracks which forms a path for the fuel to seep out if used in 
cryogenic fuel tank applications. As described by Nairn [Ref 27], a logical experiment to 
characterize the microcracking properties of composite laminates is to follow the 
microcracking process and record the number of microcracks or microcracking density as 
a function of applied load. These experiments were carried out by many researchers on a 
number of different lay-ups and found some interesting information from them. This 
present research work consists of determining the microcrack density at different stress 
levels and finding the type of damage at each level of the stress using X-ray 
microtomography.  
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2.4 Delamination 
Delamination is a form of failure which occurs on a plane between adjacent layers within 
a laminate. Once the delaminations begin, they propagate on continued loading while 
additional microcracking slows down or stops [Ref 30]. This failure might be because of 
inadequate adhesion between the layers or due to microcracking and other reasons which 
are summarized below. In the discussions below the specimens are tested under uniaxial 
tension. 
 
Matrix-microcracking in the through thickness direction within individual layers of a 
laminate can give rise to delaminations [Ref 28]. Microcracking generally appears 
perpendicular to the fiber direction within a layer and extends through the entire 
thickness of that layer. Since the microcrack extends through the entire thickness of the 
affected layer, there is a possible chance for it to open at the middle region of the affected 
layer as the crack tips are restrained by their respective adjacent layers. Due to this 
restraint, a multi-axial stress state is developed at the crack tip with strong through 
thickness tensile components. These tensile stresses may be sufficient to initiate 
interlaminar failure from the crack tips [Ref 29, 30]. Hence as the microcrack density 
increases delamination are also increases. Delamination from the tips of the microcracks 
increases as the thickness of the 90º ply increases with the thickness of the 0º plies being 
constant [Ref 8, 38]. 
 
Impact often causes local delamination in the composite laminate. Even though the 
impact might be transverse to a laminate, damage will often propagate significantly along 
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the planes between adjacent layers since these planes are not benefited by the reinforcing 
effect of fibers and are more susceptible to damage. Hence sites of impact often form 
zones of interlaminar splitting. Growth of the defect occurs however by extension of the 
delamination into the surrounding material that might not have been directly affected by 
the initial impact event. 
 
As described by Stone [Ref 31], through thickness failures arising from overload or 
fatigue can also develop into delaminations. Laminated composites tend to be weak in the 
through thickness direction and are also sensitive to loads giving rise to stresses in the 
through thickness direction. The stresses of concern here are direct through thickness 
tension and through thickness shear. It is interesting to note that the stresses giving rise to 
delamination may be small in magnitude (especially by comparison to typical laminate 
in-plane stress) and often exist as secondary effects [Ref 32]. Through thickness stresses 
may also be developed at the edges of laminates, even when no externally applied 
through thickness tension or shear loads exist [Ref 33, 34]. These through thickness 
stresses are usually smaller than the applied in-plane stresses but since they act in a 
direction that is relatively weak, static or fatigue failures, giving rise to delaminations can 
arise.  
 
Another study [Ref 35-37] says that, the presence of multiple matrix cracks in the 90º ply 
can precipitate matrix cracks in other plies. As the applied strain increases the transverse 
stress leads to longitudinal splitting of 0º plies [Ref 16, 17]. Longitudinal splitting of the 
0º ply forms parallel to the applied tension and crosses over the 90º transverse cracks, so 
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the interaction between these two crossing cracks gives rise to a highly magnified three-
dimensional stress field. The interlaminar tensile and shearing components of this stress 
field then cause 0/90 interface delamination [Ref 38]. Further loading causes the 
propagation of many localized delaminations resulting in 0/90 interface separation. 
 
One more factor which causes delamination is the weak bonding between the adjacent 
layers of a composite laminate. This might be because of improper wet out of the layers 
or improper removal of backing from the prepreg. This source of delamination would be 
of concern in the long run of the composite laminate.  
 
2.5 Non-destructive Techniques 
Non-destructive testing (NDT) has been practiced for many decades. One of the earliest 
applications was the detection of surface cracks in railcar wheels and axles. The parts 
were dipped in oil, then cleaned and dusted with a powder. When a crack was present, the 
oil would seep from the defect and wet the surface providing visual indicating that the 
component was flawed.  
 
Non-destructive testing is a very broad field which plays a critical role to assure that 
structural components and systems are performing their function in a reliable and cost 
effective manner. NDT allows parts and materials to be inspected and measured without 
damaging them and allows inspection without interfering with a product's final use; 
hence NDT provides an excellent balance between quality control and cost-effectiveness. 
Generally speaking, NDT applies to industrial inspections.  
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Non-destructive Evaluation (NDE) is a term that is often used interchangeably with NDT. 
However, technically, NDE is used to describe measurements that are more quantitative 
in nature. For example, a NDE method would not only locate a defect, but it also used to 
measure defect’s size, shape, and orientation. NDE may be used to determine material 
properties such as fracture toughness, formability, and other physical characteristics. 
Researchers however keep finding new and better methods of NDT to detect the defects 
and make the method more cost effective. Several methods of NDT used in the industry 
are described below. 
 
2.5.1 Visual and Optical Testing (VT) 
Visual inspection involves using the naked eye to look for defects. In this method use of 
special tools such as magnifying glasses, mirrors, or borescopes help to gain access and 
more closely inspect the specimen area. Visual examiners follow procedures that range 
from simple to very complex. This technique is used to find only surface cracks and 
irregularities. But for composites the main failure criteria which are of interest, 
microcracking cannot be visualized by this technique. 
 
2.5.2 Ultrasonic Testing  
Ultrasonic testing (UT) uses transmission of high-frequency sound waves into a material 
to detect imperfections or to locate changes in material properties. The most commonly 
used ultrasonic testing technique is pulse echo, where sound waves, generated by a 
piezoelectric transducer, are introduced into a test object and reflections (echoes) are 
returned to a receiver from internal imperfections or from the part's geometrical surfaces. 
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A number of ultrasonic evaluation methods – such as A, B, and C-scans have been used 
to study various types of flaws in composite materials. The UT A-scan provides only one-
dimensional defect information. The UT A-scan is commonly used to measure material 
thickness as the A-scan signal displays the pulse and amplitude against time. The UT B-
scan displays a parallel set of UT A-scans with two-dimensional data (i.e., the B-scan 
presents defect distribution through the material’s cross section). The B-scan can also be 
used to inspect rotating tubes and pipes, because it provides a cross-sectional view of 
defect distribution. The UT C-scan is the most widely used scan mode, as it provides the 
two-dimensional information of defect distribution. A C-scan displays the size and 
position of flaws in an area parallel to the surface. Ultrasonic testing is used for 
inspecting a wide range of materials like thick and thin section welds, composite 
structures and adhesively bonded structures. The method is particularly sensitive to 
lamination and linear type defects.  
 
The limitations of Ultrasonic testing when used for composites are 
1) The sensitivity of this technique is poor, i.e., the ability of the instrument to detect the 
small amount of energy reflected from a flaw is very poor and  
2) The resolution of this technique is poor, i.e., the ability to detect flaws lying close to 
the surface or close to one another is very poor. 
 
2.5.3 Acoustic Emission Testing 
In Acoustic Emission (AE) an elastic wave, in the range of ultrasound usually between 20 
KHz and 1 MHz, is generated by the rapid release of energy from the source within a 
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material. The elastic wave propagates through the solid to the surface, where it can be 
recorded by one or more sensors. The sensor is a transducer that converts the mechanical 
wave into an electrical signal and hence records the existence and location of possible 
sources. Since AE signals are very weak they are pre-amplified and then filtered to 
remove noise. These filtered signals are sent to signal conditioner to get the required 
information. Ultrasonic testing actively probes the structure whereas acoustic emission 
listens for emissions from active defects and is very sensitive to defect activity. AE 
analysis is a useful method for the investigation of local damage in materials.  
 
One of the advantages compared to other NDE techniques is the possibility to observe 
damage processes during the entire load history without any disturbance to the specimen.  
The disadvantages of Acoustic Emission when used for composites are 
1) This method can only estimate qualitatively how much damage is in the material and 
for quantitative results we may need to look for some other NDE methods.  
2) Service environments are generally very noisy, and the AE signals are usually very 
weak, thus, signal discrimination and noise reduction are very difficult. 
 
2.5.4 Eddy Current Testing 
Eddy current testing is a method based on the principles of electromagnetic induction. 
This method is used to detect surface and near-surface discontinuities, changes in 
material properties, measure conductivity, and measure thickness of nonconductive 
coatings. A change in magnetic field is generated when alternating current is passed 
through a coil. If this coil is placed near a conductive material (specimen), the magnetic 
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field will be generated in the specimen too. The magnetic field in turn creates eddy 
currents, which produce EMFs (electro-motive forces) in the exciting coil(s) or an 
auxiliary coil. The phase and amplitude of the EMFs reveal characteristics of the 
specimen, including presence or absence of defects. This method does not require direct 
contact with the part being inspected, thus it is truly a nondestructive inspection 
technique. 
 
2.5.5 Radiography  
Radiography uses differential absorption of x-rays, gamma rays or neutron radiation 
penetrating a test specimen. A receiving end records the image in the form of radiographs 
to detect the features and internal structure of the specimen that exhibit a difference in 
thickness or physical density as compared to the surrounding material. This image is a 
result of difference in attenuation rates, or absorption, for various types of matter. 
Radiographic attenuation might be affected by dissimilarities in material properties, 
which causes some difficulties in the interpretation of radiographs. The other applications 
of radiography in non-destructive testing are radioscopy (real time radiography), 
computerized tomography (CT), microfocus radiography, and flash radiography.  
 
Radioscopy produces the image of the specimen on the screen rather than on the film, so 
that very little time lag occurs between the specimen being exposed to radiation and the 
resulting image. In this technique the image is produced on the screen when the radiation 
passing through the specimen interacts with the fluorescent screen. In this technique the 
resolution of the images are not as good as those for images produced on film [Ref 39]. 
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Computed Tomography is a very useful technique to get the 2-D and 3-D cross-sectional 
images from the flat X-ray images by using radiographic penetration capabilities and 
principles of optics [Ref 39].  
 
Microfocus radiography uses very small source of X-rays, with less than 40micron spot 
size, to identify the minute defects in the specimens. This technique varies from the 
conventional radiography by placing the specimen close to the source in order to magnify 
the image on to the screen, which is placed at a distance farther than in the conventional 
set-up. 
  
Flash radiography uses radiography with high power and short duration pulses. The 
radiation source in this technique is created by discharging a series of capacitors into a 
field emission x-ray tube of low impedance. The duration of the pulse of radiation is 
approximately 30 nanoseconds long. The images are captured using fluorescent 
intensifying screens. Contrast and resolution for this technique are not as good as that for 
conventional radiography because of the limited radiation available and the relatively 
large focal spot of the sources [Ref 39].  
 
2.5.6 Magnetic Particle Testing  
Magnetic particle testing detects surface and near surface defects in ferromagnetic 
materials only. This method is accomplished by inducing a magnetic field in a 
ferromagnetic material and then dusting the surface with iron particles (either dry or 
suspended in liquid). Surface and near-surface imperfections distort the magnetic field 
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causing a “leakage field” and concentrate iron particles near imperfections, previewing a 
visual indication of the flaw.  
 
2.5.7 Dye Penetrant Testing  
Liquid penetrant testing is a non-destructive method used to detect surface breaking 
defects in any nonporous material. The surface of the part under evaluation is coated with 
a penetrant in which a visible or fluorescent dye is dissolved. The penetrant is pulled into 
surface defects by capillary action. After some time insuring that the dye has penetrated 
into the narrowest cracks, the excess penetrant is cleaned from the surface of the sample. 
A white powder, called developer, is then sprayed or dusted over the part. The developer 
lifts the penetrant out of the defect, and the dye stains the developer. Then by visual 
inspection under white or ultraviolet light, the visible or fluorescent dye indications are 
located, thereby defining the defect. One limitation to this technique is that the material 
must have a relatively smooth, nonporous surface. 
 
2.5.8 NDT of composites 
Different non-destructive techniques are in practice both in the industry and research to 
find the defects and flaws in composite materials. A few of these techniques and their 
capabilities to detect the damages are summarized below in Table 2.1.  
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DYE 
PENETRATE 
Only surface 
porosity 
Only surface 
debonding 
Only edge 
delamination 
No 
No 
Only surface 
matrix 
cracking 
VISUAL 
INSPECTION 
No 
No 
Only edge 
delamination 
No 
No 
Only surface 
matrix 
cracking 
ACOUSTIC 
EMISSION 
No 
Some 
Some 
Yes 
Some 
Yes 
EDDY 
CURRENT 
No 
No 
No 
Yes 
Some 
Yes 
ULTRASONICS 
Yes 
Some 
Some 
Some 
Yes 
Yes 
X-RAY 
TOMOGRAPHY 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Table 1 Various NDT methods used to detect the defects in composites 
DEFECT TYPE 
Voids/Porosity 
Debonds 
Delamination 
Broken fibers 
Micro cracks 
Matrix cracking 
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3. X-Ray Microtomography 
 
X-ray tomography is a non-destructive technique used in industry to get high resolution 
images of the internal microstructure of the material of interest. This technique is quiet 
familiar in the medical world by the names of CT, CAT scans, etc., but is less known as 
an imaging technique for detecting internal flaws and damages in materials. 
 
3.1 Background of Radiography  
The need to find out the internal structure of a specimen without physically destroying it 
arises in many cases and the solution for this problem was given by Wilhelm Rontgen in 
1895 by discovering X-rays [Ref 40]. X-rays are high energy electromagnetic radiation 
produced when highly energetic electrons interact with matter. For use in X-ray imaging, 
X-rays are generated by bombarding a metal target, usually tungsten, with high-energy 
electrons. These X-rays pass through the specimen and make it possible to acquire the 
internal information about the specimen’s structure and other details.  
 
Basic radiography consists of an X-ray source or energy source, collimator, specimen 
stage, and a detector or screen. The radiating source which basically is an X-ray tube 
releases X-rays when the metal target is excited. An X-ray beam is typically “steered” by 
a collimator, which simply removes those photons going in undesired directions. A 
 31
collimator is not a lens but a block of absorbing material with one or more holes in it 
called apertures. These X-rays after passing through the collimator penetrate through the 
specimen and then hit the detector. Numerous technologies exist for X-ray detection [Ref 
41, 42]. These detectors will give a signal proportional to the number of photons striking 
the detector element. This can be a voltage or a simple photon count; hence the detector 
response is energy-dependent.  
 
The X-ray image is also called as radiograph or radiogram. This image is formed 
basically by the difference in the absorption rate or attenuation rate of the X-rays by the 
specimen. X-ray systems do not directly measure density; they measure the absorptivity, 
also called the linear absorption coefficient. This is dependent on the density and also on 
the atomic number Z of the element. The energy of X-rays can be increased by increasing 
the voltage which in turn decreases the wavelength but improves the penetration ability 
[Ref 43] and by increasing the current the numbers of X-rays are increased.  
 
3.2 Computed Tomography 
Conventional techniques, such as electron or optical microscopy, can provide only 
surface information, and must be treated or sectioned if wanted to know the internal 
structure of the specimen. However, many samples cannot be investigated in this way, as 
sectioning may be impracticable or can damage the specimen. In such cases imaging 
techniques are required and computed tomography satisfies this demand. This technique 
gives us the 2D x-ray images or cross-sectional images called tomograms at different 
rotation angles of the specimen with a resolution typically to the order of several microns. 
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The invention of Computed tomography (CT) in the early 1970’s by Hounsfield, made it 
finally possible to reconstruct the three dimensional structure of the specimen with a 
computer using the X-ray pictures or 2D x-ray images taken at different rotation steps of 
the specimen. By reconstructing these 2D images we get the 3D image of the specimen 
with internal microstructural information. By reducing the focal spot size we can go for 
large magnifications on the specimen and get high spatial resolution. For this very high 
resolution the above technique is also called as X-Ray MicroTomography. Computed 
tomography provides an accurate image of variations of X-ray absorption within a 
specimen, regardless of the phase constituents or varying density gradients of the 
specimen.  
 
In computed tomography the specimen is exposed for a certain time and the local 
absorption coefficient is calculated for different rotation steps of the specimen [Ref 44]. 
As cited from [Ref 44, 45], tomography enables us to start from the total absorption along 
a set of rays through the specimen and find the local absorption coefficient in small 
volumes. It does this from a set of exposures at different angles through the same volume 
element and using Fourier analysis. Roughly speaking, one is able to “average out” the 
contributions of intervening materials by looking from all angles.  
 
A typical computed tomography setup consists of an X-ray source, collimator, specimen 
stage, detector or screen and a computer to store the tomograms and to reconstruct them 
to form the 2D cross-sectional images. There are two methods to scan a specimen which 
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is placed in between the source and the detector. One method is being rotating the source-
detector setup keeping the specimen constant. In this method the source and the detector 
setup are rotated at a fixed rotation step and the images for all scans are collected for each 
of these steps. This principle is generally used in the medical scanners called as 
Computerized Axial Tomography (CAT) scanner. On the other hand, the source-detector 
setup is kept constant with the specimen stage being rotated for a fixed rotation step in 
the second method. This method is used generally in the material science field to scan the 
internal structure of the materials of interest.  
 
The specimen is placed in between the source and the detector and X-rays are passed 
through the specimen. Depending upon the absorption of the X-rays by the specimen the 
detector measures the total radiation reached through a slice/cross-section of the 
specimen. By using the above NDT technique we can detect the internal structure and 
flaws in composite materials which is of interest in this research work.  
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4. Experimental Set-Up and Procedure 
 
The main intention of this experimental work is to calculate the microcrack density at 
different stress levels in three different composite material systems. As described by 
Nairn [Ref 27], a logical experiment to characterize the microcracking properties of 
composite laminates is to follow the microcracking process and record the number of 
microcracks or microcracking density as a function of applied load. Hence our aim in this 
experimental work is to determine the microcrack density as a function of applied load.  
 
This experimental work consists of five parts, 1) preparation of the test samples, 2) 
tensile loading of the samples to different stress levels,  3) dye penetration into the loaded 
sample to make the cracks and damage show prominently, 4) investigation for edge 
cracks in the samples using optical microscopy and 5) investigation of microcracks in the 
samples using X-ray microtomography. 
 
4.1 Material System and Sample Preparation 
The carbon-epoxy cross ply composite panels which were used in the experimental work 
were made of three different resin systems. These three different panels have the same 
lay-up [90/0/0/90] with different material systems. IM7/977-2, IM7/5555, and IM7/5276-
1, are the panels which were used, where IM7 are the fibers and 977-2, 5555 and 5276-1 
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are the three different resin systems. 30 cm x 30 cm composite panels were manufactured 
by vacuum bagging at the Lockheed Martin Space Systems Company - Michoud 
Operations. Prior to cutting, these panels were tested via ultrasonic testing and concluded 
that they posses no initial damage. Each panel had four plies with [90/0/0/90] lay-up. 
Thickness of each panel varied with IM7/977-2 being 0.55 mm, IM7/5555 being 0.55 
mm, and IM7/5276-1 being 0.60 mm.  
 
Samples have been cut from each of the panels with 0deg plies on the outside and 90deg 
plies in the inside using a diamond cutter. The blade of the cutter is a diamond metal 
bonded, wafering blade. The panels being big, they were given an initial cut so that they 
fit on the cutting machine to shape into the required dimensions. These initial cuts were 
made using a table saw with tape on the composite panel to get proper and smooth cut 
without inducing damage to the composite material. 
 
After the initial cut each panel was cut into 16 pieces with approximately 7.5 cm x 7.5 cm 
dimensions. Now from the above 7.5 cm x 7.5 cm piece, test samples were cut down to 
the dimensions of 50 mm x 5 mm (height x width). These dimensions are required for the 
sample to accommodate both the tensile loading apparatus and the X-ray 
microtomography machine. The main intention of the experiments is to conduct tensile 
tests on the samples and then count the number of cracks induced at different stress 
levels. Before applying tensile load, the samples were adhered with tabs on both sides at 
the ends. These tabs protect the sample from crushing because of the stress 
concentrations caused by the grip of the jaws and also these tabs provide a smooth 
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Aluminium Tabs
Test Sample
50mm
0.82mm 
12.5mm5mm 
gripping surface. Tabs distribute gripping stress and prevent them from crushing. Tabs 
were cut from an aluminum metal sheet of 0.82 mm thickness and glued to the sample as 
shown below in Figure 4.1. The dimensions of the tabs are 12.5 mm x 5 mm. These 
length and width dimensions of the tabs are determined based on the grip area of the 
clamps of the tensile test machine. These tabs were glues on the either sides of the test 
sample with the total area exposed to tension being 25mm in height. 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 Schematic of typical test sample 
 
4.2 Tensile testing 
Each of the test samples (50 mm x 5 mm dimensions) was loaded on a small tensile sub-
stage which has a load cell that can apply loads up to 1000 lbs (4450 N). Uni-axial 
tension was applied to the sample as shown in the Figure 4.2. Samples from three 
different panels with three different material systems were loaded to different stresses in 
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an increasing order. Initially, one sample from each material system was tested to failure 
to determine the failure stress or the maximum stress that can be applied to the rest of the 
samples of that material system. Then predetermined incremental loads were applied to 
the rest of the samples taking into account that these samples were not stressed to failure. 
The idea behind these predetermined incremental loads is to record the number of 
microcracks induced at a particular stress level using the X-ray tomography machine. 
 
 
Figure 4.2 Tensile sub-stage loaded with a composite sample. 
 
4.3 Dye penetration 
The X-ray microtomography machine works mainly on the contrast differentiation in the 
sample. So in order to get better contrast between the cracks and the matrix material we 
used a dye penetrant as the medium to enhance the cracks by making them more visible 
in the radiography. The use of specialized penetrants in the field of composite materials 
was first described by Crane [Ref 46]. The dye which we used was made of isopropyl 
alcohol (5 ml), zinc iodide (30 gms), Kodak photo solution (5 ml) and distilled water (5 
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ml). The samples were then soaked in this dye for about 5 hours which gives the dye 
enough time to penetrate into the crack opening and make them more visible in the 
radiography pictures. The use of dye penetrant to enhance the microcrack visibility in the 
graphite/epoxy composite materials was also suggested by Bhanu Karedla [Ref 47]. His 
study shows that dye penetrated through the microcracks and when the sample soaked in 
this dye was viewed in the X-ray tomography instrument, the cracks were more 
prominently visible than in the sample with no dye.  
 
4.4 Optical Microscopy 
After the cracks were tensile tested and soaked in the dye penetrant, they were examined 
for the edge cracks under an optical microscope. The main intention of using this optical 
microscope is to record the number of edge cracks on both sides of the test sample and to 
find the surface flaws like matrix cracking, voids and surface delaminations if any. By 
comparing these number of edge cracks to the number of cracks measured through the X-
ray tomography we can say whether these cracks are all the way through the width of the 
sample or not. This edge crack recording by optical microscopy also provides us a 
comparison to verify the X-ray microtomography results. 
 
4.5 Investigation of Microcracks Using X-Ray Microtomography 
As discussed in chapter 3, X-ray microtomography is a non-destructive technique used to 
get the high resolution images of the internal microstructure of the material of interest. 
The use of X-ray microtomography to detect internal damage in fiber reinforced polymer 
matrix composites was also demonstrated by Bhanu Karedla [Ref 47]. 
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 4.5.1 Details of Skyscan 1072 
The X-ray microtomography experiments were carried out using a Skyscan 1072 
compact desktop system. The typical details about this Skyscan microscanner are 
gathered from the instrument manual. The equipment contains an X-ray microfocus tube 
which can operate at high voltage power supply of 20-100kV / 0-250µA with a maximum 
power of 10W. A specimen stage with precision manipulator including two translations 
and one rotation is available. Translations being 1) movement along the optical axis to 
zoom in or zoom out 2) lowering and rising of the sample stage to scan the required area 
of interest along the length of the sample. Rotation being 180º/360º with 0.45º/0.68º/0.90º 
rotation step.  
 
The X-ray detector consists of an X-ray scintillator which is fiber optically coupled (3.7:1 
image reduction) to a high resolution (1024x1024 pixels) cooled CCD camera. The CCD 
camera is connected to a frame grabber to record the X-ray shadow projections which are 
digitized to 1024x1024 pixels with 4096 brightness gradations (12 bit). These projections 
are recorded in TIFF format to the digital frame grabber. The reconstruction of the data 
consists of acquiring the X-ray images from 200 to 400 rotation views over 180 or 360 
degrees of sample rotation.  
 
A con-beam reconstruction algorithm is used to perform the reconstruction by the X-ray 
microtomography machine. Serial reconstructions of cross-sections are carried out using 
the cone-beam reconstruction algorithm. These reconstructed cross-sections can be 
viewed on the screen and can be used to construct a realistic 3D model of the sample by 
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using the 3D creator. This software facilitates building the 3D model of the sample with 
features to rotate and cut the sample model. The computer used to carry out all the above 
functions is a Dell Precision 420, with Pentium 4 – 2GHz processor, 1.047 GB RAM,  
102 GB Hard Disk and working on Windows 2000 Professional operating system.  
 
4.5.1.1 Calibration of Skyscan 1072 
Prior to the start of experimental work, the Skyscan 1072 system must be calibrated to get 
the correct results. Two basic things to calibrate the system are flat field correction and an 
alignment test.  Flat field correction is used to acquire illumination irregularities of the X-
ray tube and the camera sensitivity map. In the flat field correction we acquire and save 
the reference field without any sample but with the same acquisition parameters used to 
scan a sample. An alignment test of the system is required to correctly align the camera 
and the X-ray tube. This alignment test also shows the displacement of the sample 
rotation axle from the ideal position.  
 
4.5.1.2 Optimization of Scan Parameters of Skyscan 1072 
To detect microcracks using this X-ray microtomography machine, it is necessary to 
determine and optimize the scanning parameters required to obtain the desired 
information of the microcracks both qualitatively and quantitatively. Several important 
parameters to be optimized are 
1) Rotation step or the angular increment given to the sample stage during the scan. 
2) Voltage, which determines the energy of the X-rays and 
3) Power, which determines the spot size of the X-ray source. 
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A detailed procedure about optimization and experimental verification was presented by 
Bhanu Karedla in his thesis [Ref 47]. From his work it was concluded that a rotation step 
of 0.90º, high voltage 100kV and high power 10W are recommended to be the good scan 
parameters.  
 
4.5.2 Experimental Procedure 
A step by step procedure, right from loading the sample on the sample stage to creating 
3D images using X-ray microtomography was given by Bhanu Karedla [Ref 47]. These 
steps include: 
1) Loading of the sample on the sample stage. 
2) Aligning the axis of the sample with that of the sample stage to make sure the image of 
the sample is within the screen while rotating the sample. 
3) Switching on the X-rays for experimental work. 
4) Adjusting the magnification to make sure that the image of the sample is within the 
screen while rotating the sample. 
5) Setting the parameters like rotation step and total rotation angle for the experiment. 
6) Adjusting the voltage and power to get good image of the sample. 
7) Setting the exposure time for getting good scanned image of the sample. 
8) Checking the intensity graph of the 2D X-ray image to make sure that there is enough 
contrast between the sample and the medium in the 2D X-ray image. 
9) Acquisition of the 2D X-ray images in the TIFF format. By using this command the 
images are acquired for each rotation step of the sample. So if we have 180º / 0.9 º 
rotation steps, then all together we get 200 2D X-ray images for the sample.  
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10) Reconstruction of the cross-sections. By using this command we can either 
reconstruct one single cross-section or a group of cross-sections from the existing TIFF 
files. After reconstruction we can view each and every cross-section of the sample in its 
top-view. 
11) 3D modeling of the sample is done using the 3D-Creator program. By creating the 3D 
model of the sample we can view the internal structure and defects contained by that 
sample. 
 
By following the above step by step procedure the experiments were performed on the 
samples from the three different composite material systems which were tensile tested to 
different stress levels and soaked in dye-penetrant for a time period of 5 hours. They were 
approximately 14 samples from each of the three different material systems and the 
above procedures have been followed to scan the samples for microcracking. All the 
scanned data from each of the sample was stored carefully for further investigation of 
microcracks and other possible defects.  
 
4.5.3 Data from the X-ray Microtomography 
Many large data files are generated from the tomography machine from acquisition to 3D 
model creation. As an example, images of one of the samples from the composite 
material system IM7/5555 are shown below. This material system consists of [0/90/90/0] 
configuration. A typical 2D X-ray image or radiograph of the front view of the sample 
would look like the one shown in Figure 4.3 and the 2D X-ray image or radiograph of the 
side view of the sample is shown in Figure 4.4. In the figures we can see only a partial 
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portion of the sample in the vertical direction; this is called the field of view. This portion 
of the sample is right in-between the tabs and is approximately 9.32mm in height of the 
sample at x30 magnification. The field of view of the sample depends on the 
magnification. At low magnification we have larger field of view and at higher 
magnification we have smaller field of view. Field of views at different magnifications is 
listed below in Table 4.1 as measured from the tomography instrument. 
 
Magnification Pixel (µm) Field of View (mm x mm) 
X14 19.05 19.493x19.493 
X20 13.67 13.986x13.984 
X30 9.11 9.324x9.324 
X40 6.84 6.994x6.994 
X50 5.47 5.593x5.593 
X60 4.56 4.661x4.661 
X70 3.91 3.992x3.992 
X80 3.42 3.494x3.494 
X90 3.04 3.107x3.107 
X100 2.73 2.796x2.796 
X110 2.48 2.542x2.542 
 
Table 4.1 Field of view at different magnifications 
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In Figures 4.3 and 4.4 we can see the actual window of the Skyscan software with all the 
icons and menu items which are used to scan the sample and get the required information. 
We can also see the scanning parameters of the machine on the extreme right side of the 
window, which shows parameters like magnification, pixel size, voltage and current of 
the source, lift of the sample, rotation step and exposure. In the figures below we can see 
the microcracks in the sample in both the front and side view of it. We can see a total of 
four microcracks in the field of view of which three of them are running all the way 
through the width of the sample and one runs only half way through the width starting 
from one edge. 
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Figure 4.3 Two Dimensional X-ray image of sample in the front view 
 
 
 
 
Microcracks 
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Figure 4.4 Two Dimensional X-ray image of sample in the side view 
 
In Figures 4.3 and 4.4 we can see only a partial portion of the sample which is in between 
the tabs. By following the experimental procedure which was stated above, acquisition 
and reconstruction of the sample were performed. After reconstruction we have the cross-
sectional images of the sample. The top view of one such cross-sectional image of the 
sample is shown in Figure 4.5. In this cross-sectional view we can see the thickness and 
width of the sample which are marked on the image. A number of such cross-sectional 
Microcracks 
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images will be constructed from the acquisition data. Typically we can construct 1000 
cross-sectional images right from top to bottom of the portion of the sample visible on the 
screen, i.e., field of view of the sample.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5 Cross-sectional image of the sample with microcrack 
 
In the cross-sectional image shown in Figure 4.5 we see that dark region in the middle 
layer of the sample along the thickness. This is the microcrack which extends all the way 
through the thickness in one of the cross-section of the sample. Because the dye which 
was used in the experiment is denser than the composite material, this shows that the dye 
has penetrated through the microcrack and shows up as dark region in the cross-sectional 
view. Now with the above cross-sectional images the 3-Dimensional image was 
constructed and is shown in the Figure 4.6. 
Width 
Thickness 
Microcrack in the through thickness 
direction in the 90º ply 
[0/90/90/0] 
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Figure 4.6 Three-Dimensional image of the sample 
 
In the 3D image shown in Figure 4.6 we can see four microcracks out of which three run 
all the way through the width of the sample and one runs only half way starting from one 
edge. The same observation was made from the 2D X-ray images of the sample. Hence 
by using the 3D image construction we can get the same information as we have seen in 
the 2D X-ray image. To know more details about the damage we now can rotate the 3D 
image to different views to know how far the microcracks are running in the thickness 
direction and is there any other form of damage other than only the microcracks, like 
delamination and etc. In this way damage types can be determined using the 3D image 
which cannot be inferred from the 2D images. With the above knowledge of experimental 
Height of the sample 
Thickness 
Microcracks as seen in 
the 2D X-ray image  
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procedure and image acquisition we now proceed to the next chapter to discuss the results 
which were obtained. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 50
 
 
 
 
 
 
5. Results and Discussions 
 
By following the above experimental procedures we get the 2D and 3D images and from 
these images we need to interpret the required information. These experimental 
procedures were followed for scanning the three composite material systems IM7/977-2, 
IM7/5555 and IM7/5276-1. From the 2D X-ray images the microcracks were counted to 
determine the microcrack density which is of primary interest for the experimental work 
and from the 3D image the types of damage and damage connectivity were inferred.  
 
5.1 Microcrack Density 
The entire height of the sample (50 mm) did not fit within the field of view at the 
predetermined magnification x30. Therefore, the sample was lowered and raised in order 
to count the total number of microcracks which are induced in the region between the 
tabs (approximately 25mm). Microcrack density is calculated by dividing the number of 
microcracks formed by the length of the region over which they are formed. This 
microcrack density is very important to the finite fracture mechanics field in determining 
the fracture toughness and to validate the formulations made for critical strain release 
rate. The results for [0/90]s laminates for the three material systems are presented in the 
following three sections. 
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5.1.1 Composite Material System IM7/977-2 
A total of 13 [0/90]s IM7/977-2 samples were tested to predetermined incremental loads 
on the tensile substage shown in Figure 4.2. After testing, these samples were soaked in 
dye penetrant for more than 5 hours each and then scanned for microcracks in the X-ray 
microtomography machine. The progression of microcrack development was recorded 
from the 2D X-ray images of each sample. In Table 5.1 different radiographs or 2D X-ray 
images are shown to illustrate the progression of microcracking with increase in stress on 
the samples from IM7/977-2 material system. 
 
IM7/977-2 Material System 
1100MPa 1200MPa 1302MPa 1400MPa 
   
0.65 cracks/cm 2.96 cracks/cm 8.53 cracks/cm 15.08 cracks/cm 
 
 
Table 5.1 X-Ray images of samples from [0/90]s IM7/977-2 material system.  Area of 
the sample which is seen here is about 9.3mmx5mm 
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In Table 5.1 we can see that the microcrack density increases with increase in stress in 
different samples. The first microcrack was observed to form at 1100MPa of stress and 
the microcracks increased thereafter as the stress increased. As an example, a 1200MPa 
six microcracks were observed over the 20.3 mm region between the tabs on the sample, 
giving a microcrack density of 2.96cracks/cm. A plot of the microcrack density as a 
function of the applied stress is shown in Figure 5.1 for IM7/977-2 material system. In 
this plot we can see the increase in microcrack density with the stress. 
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Figure 5.1 Microcrack Density vs. Stress Plot for [0/90]s IM7/977-2 
 
As seen from the crack density plot, the onset of microcracking was observed to form at 
around 1100MPa of stress with less than one crack per centimeter. Thereafter the number 
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of microcracks increased with increase in stress. It was observed that there was a steep 
increase in microcrack density when compared to the stress. The microcracks were 
observed to form almost instantaneously across the length of the sample. As observed 
from the above experiments the crack density saturation was determined to be around 15 
cracks per centimeter. The data points marked with circles in the crack density plot 
represent specimens in which the material failed. The failure stress for this IM7/977-2 
material system was determined to be between 1300MPa and 1400MPa. We can see that 
there were two samples tested to 1400MPa, one of them failed and the other showed low 
crack density at the same stress. This might be because of two reasons, one being the 
improper gripping of the jaws because of poor adhesion of the tabs and the other being 
inaccuracy in maintaining constant cross-sectional area for the samples.  
 
Until the stress reached around 1300MPa the microcracks were found only in the 90º 
plies, but as the stress reached 1302MPa, microcracks were observed even in the adjacent 
0º plies. These cracks were seen running parallel to the load direction and along the fibers 
in the outer 0º plies, i.e., the cracks in the outer 0º plies run perpendicular to the cracks in 
the 90º plies. At 1302MPa and 1400MPa delamination was observed in between the 
adjacent plies followed by longitudinal fiber splitting which lead to overall failure of the 
sample.  
 
5.1.2 Composite Material System IM7/5555 
A total of 16 [0/90]s IM7/5555 samples were tested to predetermined incremental loads 
on the tensile substage shown in Figure 4.2. After testing these samples were soaked in 
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dye penetrant and then scanned for microcracks. In Table 5.2 different radiographs or 2D 
X-ray images are shown to illustrate the progression of microcracking with increase in 
stress on the samples from the IM7/5555 material system.  
 
IM7/5555 Material System 
800MPa 1000MPa 1200MPa 1300MPa 
  
1.02 cracks/cm 9.52 cracks/cm 16.26 cracks/cm No count 
 
Table 5.2 X-Ray images of [0/90]s samples from IM7/5555 material system. Area of 
the sample which is seen here is about 9.3mmx5mm 
 
 
At 1300MPa the material IM7/5555 failed completely as can be seen in the Table 5.2. 
The microcrack density was calculated for each sample and a plot of the microcrack 
density as a function of the applied stress is shown in Figure 5.2. In this plot we can see 
the increase of microcrack density with the stress.  
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Figure 5.2 Microcrack density vs. Stress Plot for [0/90]s IM7/5555 
 
The onset of microcracking was observed at around 750MPa stress level with one crack 
per centimeter. Thereafter the number of microcracks slowly increased with increase in 
stress. From the crack density plot we can see that there is a steep increase in microcrack 
density when compared to the stress. The microcracks were observed to form almost 
instantaneously across the whole length of the sample. One observation made from the 
plot is that the microcrack density tends to saturate before failure for the IM7/5555 
material system. This saturation of microcrack density is called as Crack Density 
Saturation point. The crack density saturation based on observations made from the 
samples was determined to be approximately 16 cracks per centimeter. We can see that 
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there are many data points which scattered around the cracks density curve in the plot. 
This was because of the inaccuracy in maintaining constant cross-sectional area for the 
samples. The failure point at 1300MPa was not shown in the plot, as the sample failed 
completely which made it difficult to count the microcracks as can be seen in the 
radiograph in Table 5.2. Hence the failure stress for the above IM7/5555 material system 
was observed to be between 1250MPa to 1300MPa.  
 
Until the stress reached to around 1250MPa the microcracks were found only in the 
middle 90º plies, but as the stress reached above 1270MPa, microcracks were observed 
even in the adjacent 0º plies. At 1290MPa delamination was observed in between the 
outer 0º plies and the adjacent 90º plies and the sample failed completely as can be seen 
in the figure from the above Table 5.2.  
 
5.1.3 Composite Material System IM7/5276-1 
A total of 12 [0/90]s IM7/5276-1 samples were tested to predetermined incremental loads 
on the tensile substage shown in Figure 4.2. After testing these samples were soaked in 
dye penetrant for more than 5 hours each and then scanned for microcracks in the X-ray 
microtomography machine. The progression of microcrack development was recorded 
from the 2D X-ray images of each sample. In Table 5.3 different radiographs or 2D X-ray 
images are shown to illustrate the progression of microcracking with increase in stress on 
the samples from the IM7/5276-1 material system.  
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IM7/5276-1 Material System 
950MPa 1000MPa 1060MPa 1100MPa 
    
950MPa 1000MPa 1060MPa 1100MPa 
 
 
 
Table 5.3 X-Ray images of [0/90]s samples from IM7/5276-1 material system. 
 Area of the sample which is seen here is about 9.3mmx5mm 
 
As can be seen in Table 5.3, the two samples which were stressed up to 1060MPa and 
1100Mpa failed, due to delamination and longitudinal fiber splitting. The microcrack 
density was calculated and the plot for crack density vs. stress is shown in Figure 5.3 for 
the IM7/5276-1 material system.  
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Figure 5.3 Microcrack Density vs. Stress Plot for [0/90]s IM7/5276-1  
 
The onset of microcracking was observed at around 900MPa of stress level with less than 
one crack per centimeter. There is a steep increase in microcrack density when compared 
to the stress and the microcracks were observed to form almost instantaneously across the 
length of the sample. It was observed that the material failed with out showing proper 
saturation in the crack density and the saturation crack density was observed to be 
approximately 14.5 cracks per centimeter. It can be seen that there are a few data points 
which scattered around the cracks density curve and out of the two data points showing 
failure, one has higher crack density compared to the other. This is because of the 
inaccuracy in maintaining constant cross- sectional area for the samples. 
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The data points marked with circles represents specimens for which the material system 
failed at that particular stress level. Hence it can be observed that the failure stress for the 
IM7/5276-1 material system is between 1050MPa to 1100MPa. 
 
Until the stress reached to around 1060MPa the microcracks were found only in the 90º 
plies, but as the stress reached above 1060MPa, microcracks were observed even in the 
adjacent 0º plies. At this stress delamination was observed in the sample followed by 
longitudinal fiber splitting which lead to the overall failure as seen in the corresponding 
figure from Table 5.3. At 1100MPa the sample showed higher crack density and the 
delamination at this stress level was observed to be on a larger scale when compared to 
the previous sample (stressed to 1060MPa). This sample failed with lots of delamination 
and longitudinal fiber splitting in the outer 0º plies. 
 
5.2 X-Ray Microtomography Results 
As discussed earlier in chapter 3, X-ray microtomography is an excellent NDT tool for 
characterizing the three dimensional geometry of defects in composites. By using X-ray 
microtomography in this research the development of microcracking and other forms of 
damage were investigated. Primarily, microcracking is the first phase of damage which 
was investigated followed by delamination and fiber splitting. Initially in all the three 
material systems, microcracks were observed in the early stages along the 90º plies and as 
the stress increased, cracking of the outer 0º plies was observed and other forms of 
damage like delamination and fiber splitting followed them at higher stress levels. 
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Samples from three different material systems were investigated and the results are 
shown in the figures below.  
 
5.2.1 Material System IM7/977-2 
Samples from [0/90]s IM7/977-2 laminates were examined for microcracking and other 
forms of damage at different stress levels. At higher stresses delamination and 
longitudinal fiber splitting were observed and this can be observed clearly in the 3D 
models obtained from the X-ray tomography results.  
 
3D models of the IM7/977-2 samples tested to 1298MPa and 1400MPa are shown in 
Figure 5.4 and Figure 5.5. In these models we can see a portion of approximately 7.5mm 
x 5mm of the sample. From these 3D models it can be observed that the progression of 
microcracking increases with increase in stress. It was observed that the microcracks in 
the middle 90º plies were formed in both these samples, but the cracking of the outer 0º 
plies could be seen only in the 1400MPa sample and this sample failed due to 
delamination and fiber splitting.  The cracking of the outer 0º plies for the IM7/977-2 
samples tested, occurred at the failure stresses and the sample failed showing 
delamination and fiber splitting. There was no sufficient data from the tested samples to 
determine the onset of cracking in the outer 0º plies. 
 
In Figure 5.4 we can see microcracks in the middle 90º plies and in Figure 5.5 
microcracks were formed in the middle 90º plies and cracking of the outer 0º plies was 
also observed. This sample tested to 1400MPa failed due to delamination and fiber 
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splitting which is shown in the Figure 5.5. Delamination is observed in between the 0º 
and 90º plies and longitudinal fiber splitting of the outer 0º plies is seen in Figure 5.5. 
The microcracks in the 90º plies of the sample in Figure 5.4 correspond to crack density 
of 11.4 cm-1 and the sample in Figure 5.5 correspond to crack density of 15 cm-1 as 
shown in Figure 5.1. In creating the 3D models the matrix material model was given a 
high level of transparency and the microcracks were artificially rendered color to 
visualize them more clearly.  
 
Figure 5.4 Three Dimensional Model of Sample from IM7/977-2 loaded to 1298MPa 
 
 
Microcracks in the 
middle 90° ply 
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Figure 5.5 Three Dimensional Model of Sample from IM7/977-2 loaded to 1400MPa 
 
  
 
 
 
Fiber splitting  
Delamination between 
the 0º and 90º plies
Microcrack in 
the upper 0º ply 
Microcrack in the 
lower 0º ply
Microcrack in the 
middle 90º plies 
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In Figure 5.6 we can see a similar 3D model of sample from the same IM7/977-2 material 
system loaded to 1302MPa. This sample failed even when the stress is low compared to 
1400MPa and the data point of this sample does not follow the trend of the graph shown 
in Figure 5.1. This may be because of improper adhesion of the tabs or inaccuracy to 
maintain constant cross-sectional area of the sample. 
 
 
 
Figure 5.6 Three Dimensional Model of Sample from IM7/977-2 loaded to 1302MPa 
Fiber Splitting 
Microcrack in the 
middle 90º plies 
Delamination between 
the 0º and 90º plies 
Microcrack in the 
upper 0º ply 
Microcrack in 
the lower 0º ply 
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In the model in Figure 5.6 we can see a portion of approximately 7.5mm x 5mm of the 
sample. The microcracks in the 90º plies of this sample correspond to crack density of 8.5 
cm-1 in Figure 5.1, which is less than the crack density (12 cm-1) incurred by the sample 
stressed to 1298MPa. At this stress level of 1302MPa, it was observed that microcracks 
formed in the middle 90º plies and the material failed following cracking in the 0º plies 
with delamination and fiber splitting.  
 
5.2.2 Material System IM7/5555 
Samples from [0/90]s IM7/5555 laminates were examined for microcracking and other 
forms of damage at different stress levels. At higher stresses delamination and 
longitudinal fiber splitting were observed and this can be observed clearly in the 3D 
models obtained from the X-ray tomography results.  
 
From the 3D models shown in Figure 5.7 and Figure 5.8 we can observe the progression 
of microcracking increases with increase in stress level. A 3D model of the IM7/5555 
sample tested to 1250MPa is shown in Figure 5.7. In this model we can see a portion of 
approximately 7.5mm x 5mm of the sample. Microcracks were observed in the middle 
90º plies of the sample at this stress level. The microcracks in the 90º plies of this sample 
correspond to crack density of 13.8 cm-1 in Figure 5.2.  
 
In creating the 3D model the matrix material model was given a high level of 
transparency and the microcracks were artificially rendered color to visualize them more 
 65
clearly. In the figure below we can see voids in the sample which are not clearly visible 
in the 2D X-ray image of this sample. There are two voids in the model shown with one 
being an air trap and the other being delamination which is probably due to weak bonding 
between adjacent layers. This type of delamination was discussed in Chapter 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7 Three Dimensional Model of Sample from IM7/5555 loaded to 1250MPa 
 
Delamination
Void (possible     
          air trap) 
Microcrack in 
the middle 90º 
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In Figure 5.8 we can see a similar 3D model of a sample from the same IM7/5555 
material system loaded to 1280MPa. At this stress level it was observed that a higher 
number of microcracks formed in the middle 90º plies and the material failed following 
microcracks in the 0º plies along with delamination and fiber splitting. In the model 
below we can see a portion of approximately 8.5mm x 5mm of the sample. At this stress 
level a higher number of microcracks were formed in the 90º plies and only a few 0º ply 
cracks were observed which lead to delamination and fiber splitting.  
 
 
 
 
 
 
 
 
 
 
 
 
 
                         
                         ISOMETRIC VIEW                                                         SIDE VIEW 
 
Figure 5.8 Three Dimensional Model of Sample from IM7/5555 loaded to 1280MPa 
Delamination and 
Fiber splitting 
Microcracks in the 
middle 90º plies 
Microcrack 
in the 0º ply 
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In Figure 5.8 we have two views of the same sample, one in isometric and the other in 
side view. In both the directions we could see the microcracks in the outer 0º ply along 
with delamination and longitudinal splitting of the fibers. Delamination between the 0º 
and 90º plies and longitudinal fiber splitting of the outer 0º plies was observed.  
 
It was observed that the [0/90]s IM7/5555 material system showed few outer 0º ply 
cracks. Delamination is observed in Figure 5.7 without the presence of cracks in the 0º 
plies, and few cracks are observed in these outer plies, even at failure. The cracking of 
the outer 0º plies was not observed until 1250MPa and at 1280MPa the sample showed 
few 0º ply cracks and failed due to delamination and fiber splitting. This material system 
displayed greater resistance to cracking in the outer 0º plies. 
 
5.4.3 Material System IM7/5276-1 
Samples from [0/90]s IM7/5276-1 laminate were examined for microcracking and other 
forms of damage at different stress levels. At higher stresses delamination and 
longitudinal fiber splitting were observed and this can be observed clearly in the 3D 
models obtained from the X-ray tomography results.  
 
3D models of the IM7/5276-1 samples tested to 1020MPa and 1060MPa are shown in 
Figure 5.9 and Figure 5.10. In the model in Figure 5.9 we can portion of approximately 
4.5 mm x 5 mm of the sample and in Figure 5.10 we can see a portion of approximately 
7.5mm x 5mm of the sample. From these 3D models it can be observed that the 
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progression of microcracking increases with increase in stress. It was observed that the 
microcracks in the middle 90º plies were formed in both these samples, but the cracking 
of the outer 0º plies could be seen only at 1060MPa and the sample failed due to 
delamination and fiber splitting.  So the onset of cracking of the outer 0º plies occurred at 
stress levels between 1020MPa 1060MPa.  
 
The sample tested to 1060MPa failed due to delamination and fiber splitting which is 
shown in the Figure 5.10. Delamination is observed in between the 0º and 90º plies and 
longitudinal fiber splitting of the outer 0º plies is seen in Figure 5.10. The microcracks in 
the 90º plies of the sample in Figure 5.9 correspond to crack density of 3.8 cm-1 and the 
sample in Figure 5.10 correspond to crack density of 8.3 cm-1 as shown in Figure 5.3. In 
creating the 3D models the matrix material model was given a high level of transparency 
and the microcracks were artificially rendered color to visualize them more clearly. 
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Figure 5.9 Three Dimensional Model of Sample from IM7/5276-1 loaded to 1020MPa 
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middle 90° plies 
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Figure 5.10 Three Dimensional Model of Sample from IM7/5276-1 loaded to 1060MPa 
 
In Figure 5.11 we can see a similar 3D model of sample from the same IM7/5276-1 
material system loaded to 1100MPa. In this sample it was observed that a higher number 
of microcracks formed in the middle 90º plies and the material failed following 
microcracks in the 0º plies along with delamination and fiber splitting. In the model we 
can see a portion of approximately 4mm x 3mm of the sample. The microcracks in the 
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upper 0º ply 
Microcracks in the 
middle 90º plies 
Delamination and 
Fiber splitting 
Microcrack in the 
lower 0º ply 
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90º plies of this sample correspond to crack density of 14.5 cm-1 in Figure 5.3. At this 
stress level, the sample failed completely following delamination and fiber splitting. Due 
to extensive failure only a small portion of the sample was modeled three dimensionally 
as shown.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.11 Three Dimensional Model of Sample from IM7/5276-1 loaded to 1100MPa 
 
In the 3D model above, microcracks in the 90º and 0º can be observed along with 
extensive damage caused due to delamination. We can observe that there is loss of 
sections of the outer 0º plies caused due to delamination. A strip along the left edge of the 
top 0º ply and a strip along the middle of the bottom 0º ply are missing due to 
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to delamination 
Loss of 0º plies due 
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delamination. A strip along the middle of the top 0º ply is still intact with the material 
showing the delamination caused due to microcracks in the top 0º ply. The dark region 
below the delaminated ply is due to pooling of the dye. A top view of the same sample is 
shown in the Figure 5.12 where the loss of section in the outer 0º plies can be seen 
clearly.  
 
 
 
 
 
 
 
 
 
 
Figure 5.12 Three Dimensional Model of Sample from IM7/5276-1 loaded to 1100MPa 
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6. Conclusions 
 
All the three material systems IM7/977-2, IM7/5555 and IM7/5276-1 with [0/90]s 
orientation are resistant to microcracking below 800MPa of stress in Mode I loading. As 
the stress reaches above 800MPa onset of microcracking is observed in the IM7/5555 
material at 850MPa, in the IM7/5276-1 material at 900MPa and in the IM7/977-2 
material at 1100MPa. IM7/977-2 is most resistant to microcracking and IM7/5555 is the 
least resistant to microcracking. A significant observed phenomenon by looking at the 
failure stresses was that the IM7/5276-1 material system has the weakest failure stress 
around 1100MPa, which is the stress required to initiate microcracking in IM7/977-2 
material. Looking at the crack density saturation for the above three materials, IM7/977-2 
has a slightly lower crack density saturation compared to others. Several samples failed 
before reaching their expected failure stresses; this might be because of the inaccuracy to 
maintain constant cross-sectional area of the sample and improper adhesion of the tabs.  
 
It is observed that one of the samples from the IM7/5555 material system contained voids 
and delamination in it. It was observed that the sample which had these defects showed 
low crack density even at higher stress level, compared to other samples of the same 
system. This indicates that the statistical inhomogeneities or manufacturing defects 
probably broadened the sloped portion of the crack density curve for this sample. This 
can be supported from Nairn’s research paper on microcracking Ref [27]. The IM7/5555 
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samples showed more scatter in data points compared to the other two material systems 
which may be because of the inhomogeneity in the material. A popping noise was 
observed during loading of the specimen which may be the indication for fiber breakage. 
 
X-ray microtomography provides an excellent tool for characterizing the microcracks and 
damage connectivity in composites at different stress levels. The 3D models shown in 
chapter 3, created by using this technique, provide excellent information about the 
damage geometry and connectivity. For example excellent information was obtained 
about the connectivity of the damage due to microcracks in the 90º and 0º plies and the 
delamination connecting the microcracks. This damage connectivity would act as an 
excellent path of leakage in cryogenic application. Further study of data at loads near 
failure is recommended to get more information about damage connectivity.  
 
From the above experimental work, out of the three material systems, IM7/977-2 is the 
most resistant to microcracking. Further studies are required to find more information on 
microcracking at cryogenic temperatures which is another aspect of thermo-mechanical 
loading. With the above knowledge of uni-axial testing, it is recommended that bi-axial 
loads be applied to the materials to learn more about microcracks and damage 
connectivity. 
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